PURPOSE. Aquaporin 0 (AQP0) is the major intrinsic protein in the lens and is essential for establishing proper fiber cell structure and organization. Cytoskeletal proteins that directly interact with the C terminus of AQP0 are identified herein. METHODS. The water-insoluble fraction of lens fiber cells was chemically cross-linked, and cross-linked peptides with the C terminus of AQP0 were identified by mass spectrometry. Coimmunoprecipitation and AQP0 C-terminal peptide pulldown experiments were used to confirm the proteinprotein interaction. RESULTS. Unexpectedly, AQP0 was found to directly associate with ezrin/radixin/moesin (ERM) family members, proteins that are involved in linkage of actin filaments to the plasma membrane. Cross-linked peptides were detected between AQP0 and degenerate sequences of ezrin and radixin; however, AQP0 interaction with ezrin is believed to play a more significant function in the lens because of its higher level of expression and observed ezrin-specific cross-linking. The interaction was found to occur between the C terminus of AQP0 and subdomains F1 and F3 of ERM proteins. The interaction between AQP0 and ezrin was confirmed by coimmunoprecipitation and AQP0 C-terminal peptide pulldown experiments. CONCLUSIONS. Considering the important known functions of the cellular actin cytoskeleton in fiber cell differentiation, the interaction of AQP0 and ERM proteins may play an important role in fiber cell morphology, elongation, and organization. (Invest Ophthalmol Vis Sci. 2011;52:5079 -5087) DOI:10.1167/iovs.10-6998 T he lens of the eye is a transparent tissue composed of an anterior monolayer of epithelial cells and the underlying highly differentiated and elongated lens fiber cells that form the bulk of the organ. Lens transparency is critical to its function of focusing of light onto the retina, and this transparency is achieved and maintained by precise cell-cell interactions. Lens fiber cells are closely packed together with extensive contact between adjacent cells forming cell-to-cell adhesive complexes, the cortex adhaerens.
T he lens of the eye is a transparent tissue composed of an anterior monolayer of epithelial cells and the underlying highly differentiated and elongated lens fiber cells that form the bulk of the organ. Lens transparency is critical to its function of focusing of light onto the retina, and this transparency is achieved and maintained by precise cell-cell interactions. Lens fiber cells are closely packed together with extensive contact between adjacent cells forming cell-to-cell adhesive complexes, the cortex adhaerens. 1 Disruption of fiber cell packing can lead to light scattering and cataract. 2 Aquaporin 0 (AQP0), the major intrinsic membrane protein of the lens, is the most abundant membrane protein in the lens, constituting 50% to 60% of the plasma membrane protein, 3 and it plays important roles in the maintenance of lens transparency and homeostasis. Mutation in and knockout of the AQP0 gene results in lens cataract. 4 -7 AQP0 has been suggested to perform multiple roles in the lens, including functioning as a water channel 4, 8, 9 and as a cell adhesion molecule. 10 -15 AQP0 has six transmembrane domains, with its N terminus and C terminus located in the cytoplasm. The cytoplasmic C terminus of AQP0 is predicted to be functionally significant because it contains sites of modifications and protein-protein interactions. The C terminus of AQP0 contains several phosphorylation sites 16, 17 and a calmodulin interaction site, 18 all of which have been reported to impact AQP0 permeability. 19, 20 The C terminus of AQP0 has also been reported to interact with the cytoskeletal proteins filensin and CP49, suggesting a role for AQP0 in establishing and/or maintaining fiber cell shape. 21 The ezrin/radixin/moesin (ERM) protein family is part of the band 4.1 super family, which links actin filaments to the plasma membrane. [22] [23] [24] Specific ERM proteins are involved in many important roles, such as cell signaling, stabilizing adhesion junctions, the maintenance of cell shape, villar organization in the gut, and the light-regulated maintenance of photoreceptors, etc. 25 ERM protein members all share a common homologous ϳ300 -amino acid domain called the FERM domain (F for 4.1 protein, E for ezrin, R for radixin, and M for moesin). 26 ERM proteins bind with membrane proteins such as, CD44, intracellular adhesion molecule-1 and Ϫ3, P-selectin glycoprotein ligand-1, and others through an N-terminal FERM domain and connect to F-actin through a C-terminal domain.
The presence of ERM proteins in lens fiber cells has been shown 1, [27] [28] [29] ; however, the function of ERM proteins in lens fiber cells has not been extensively studied. Ezrin was identified as one of the components of a novel cell-cell junction system of lens fiber cells, which contains ezrin, periplakin, periaxin, and desmoyokin (EPPD complex). 1 It is unclear how the EPPD complex is linked to the plasma membrane, because the transmembrane protein in this complex has not been determined. In this article, we report a direct interaction between the FERM domain of ezrin and AQP0. The results indicate that AQP0 is a candidate membrane protein attachment site of the EPPD complex.
MATERIALS AND METHODS

Preparation of Water Insoluble Fraction
Frozen 1-year-old or older bovine lenses (PelFreez Biologicals, Rogers, AK) were decapsulated and dissected into cortex and nucleus before homogenization. Tissue was homogenized in homogenizing buffer (25 mM Tris buffer containing 5 mM EDTA, 1 mM PMSF, and 150 mM NaCl, pH 8.0) and centrifuged at 88,000 g for 20 minutes, and the supernatant was discarded. The pellets were washed three times with homogenizing buffer. The remaining pellets are called the water insoluble fraction (WIF). 
Cross-Linking Reactions
The WIF was washed twice with 10 mM sodium phosphate buffer containing 100 mM NaCl, pH 7.4. The remaining pellets were resuspended in 1 mL of phosphate buffer and 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) was added to the solution to a final concentration of 5 mM. The mixture was incubated at room temperature for 1 hour. Excess EDC was removed by centrifuging at 88,000 g, and the remaining pellets were washed three times with water followed by three washes with 8 M urea and one wash with 0.1 M sodium hydroxide. The remaining pellets were further washed with water and called the cross-linked membrane fraction.
Coimmunoprecipitations
The WIF was suspended in Tris buffer (25 mM Tris, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1mM PMSF, and 0.1% SDS, pH 7.4) and centrifuged for 15 minutes at 80,000 g at 4°C. A mouse ezrin antibody (10 L of 3C12; Sigma Chemical, Saint Louis, MO) was then added to the supernatant and incubated at 4°C overnight followed by incubation with protein G-coated beads at room temperature for 2 hours. A control sample was prepared by incubating the supernatant with protein G beads alone without antibody or protein G beads with control mouse immunoglobulin G. The beads were washed ten times with the above buffer and bound proteins were eluted with 40 L of SDS sample buffer (Invitrogen, Carlsbad, CA). Samples were loaded onto a 4 -12% NuPAGE Novex Bis-Tris gel and MOPS running buffer was used for separation (Invitrogen). For each sample, two lanes were used, and 20 L was loaded on each lane. After SDS-PAGE, the gel was cut in half, and half of the gel was Coomassie-stained and the visible gel bands were excised for in-gel trypsin digestion. The other half of the gel was used for immunoblotting. Gel-separated proteins were electrophoretically transferred from the gel to a nitrocellulose membrane. The membrane was blocked with 5% nonfat milk in Tris-buffered saline and Tween 20 (TBST) for 1 hour. Blots were then incubated with the rabbit anti-AQP0 primary antibody in TBST overnight at 4°C followed by six TBST washes for 15 minutes each. Goat anti-rabbit secondary antibody (1 L) labeled with Dylight 680 (Pierce, Rockford, IL) was added and incubated for 1 hour at room temperature followed by six TBST washes for 15 minutes each. The results were read using an Odyssey Infrared Imager (LI-COR Biosciences, Lincoln, NE). Similarly, the membrane was further blotted with mouse anti-ezrin primary antibody and goat anti-mouse Dylight 800 (Pierce). To identify other proteins in the immunoprecipitation samples, the eluate from the beads conjugated with mouse immunoglobulin G or beads conjugated with ezrin antibody was run into the gel for 1.5 to 2 cm. Then the gel was Coomassiestained and the whole stained area was excised and diced to 1 mm cubes for in-gel digestion.
Trypsin Digestion
The cross-linked membrane fraction was reduced in 10 mM DTT at 56°C for 1 hour and alkylated in 55 mM iodoacetamide at room temperature in the dark for 45 minutes. The reduced and alkylated membrane fraction was washed with water twice and resuspended in 50 mM ammonium bicarbonate buffer (pH 8.0). Trypsin (1 g) was used to digest the cross-linked membrane fraction from one bovine lens cortex. The digestion was performed at 37°C for 18 hours. The cross-linked membrane fraction was further digested for another 18 hours at 37°C by adding 0.5 g of trypsin to achieve a more complete digestion. After digestion, the solution was dried in a SpeedVac (Thermo Fisher Scientific, Waltham, MA).
Immunoprecipitated samples were separated by SDS-PAGE as described above and gel bands were excised for in-gel digestion. For in-gel digestion, the gel bands were destained with three consecutive washes with a 50:50 mixture of 50 mM ammonium bicarbonate and acetonitrile for 10 minutes. The gel bands were dried in a SpeedVac. Each sample containing an individual band was rehydrated in a 10-to 15-L solution containing 20 ng/L trypsin (Promega, Madison, WI) in 50 mM ammonium bicarbonate for 15 minutes; 30 L of 50 mM ammonium bicarbonate buffer was added to each sample and the samples were incubated at 37°C for 18 hours. Peptides were extracted using 20%ACN/0.1%TFA once, 60%ACN/0.1%TFA twice, and 80%ACN/ 0.1%TFA once. The extracted samples were pooled and dried in a SpeedVac and reconstituted in 0.1% formic acid for subsequent liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
Fractionation of Tryptic Peptides by Offline Strong Cation Exchange
Tryptic peptides of the cross-linked membrane fraction were resuspended in 5 mM potassium phosphate buffer containing 30% ACN, pH 2.5 (buffer A). The solution was centrifuged at 20,000 g for 15 minutes and the supernatant was collected and added to strong cation exchange resin (Luna SCX, 5 m, 100 Å media) in a spin cup. After 15 minutes of incubation, unbound peptides were collected by centrifugation at 1000 g. The resin was washed by buffer A twice and bound peptides were step-eluted sequentially by 40%, 60%, and 100% buffer B (5 mM potassium phosphate buffer containing 30% ACN, 350 mM KCl, pH 2.5) balanced with buffer A. The 60% and 100% buffer B eluate were dried in a SpeedVac and reconstituted in 0.1% formic acid. The peptides were desalted using a C18 Ziptip (Millipore, Billerica, MA) and eluted in 70% ACN (0.1% formic acid). The eluate was dried in a SpeedVac and reconstituted in 0.1% formic acid for further analysis.
LC/Electrospray Ionization MS/MS
Tryptic peptides were either directly separated on a 1-dimensional fused silica capillary column (150 mm ϫ 100 m) packed with Phenomenex Jupiter resin (3 m mean particle size, 300 Å pore size) or analyzed by multidimensional protein identification technology (Mud-PIT). 30 For cross-linked peptide identification, the 60% and 100% buffer B eluates from off-line strong cation exchange fractionation were analyzed on an LTQ Orbitrap mass spectrometer (ThermoFisher, San Jose, CA). Cross-linked peptides were identified in both fractions; however, interpretable tandem mass spectra were not always obtained from potential cross-linked peptides because of low signal-to-noise ratios. Therefore, the 60% and 100% buffer B eluates were combined and were subjected to MudPIT analysis as described below.
One-dimensional LC was performed on both cross-linked samples and in-gel digested immunoprecipitated samples using the following gradient at a flow rate of 0.5 L per minute: 0 to 10 minutes, 2% ACN (0.1% formic acid); 10 to 50 minutes, 2% to 35% ACN (0.1% formic acid); and 50 to 60 minutes, 35% to 90% ACN (0.1% formic acid) balanced with 0.1% formic acid. The eluate was directly infused into an LTQ Orbitrap (for cross-linked samples) or an LTQ Velos mass spectrometer for immunoprecipitated samples (ThermoFisher, San Jose, CA) equipped with a nanoelectrospray source. For MudPIT analysis, peptides were pressure-loaded onto a custom packed biphasic C18/ SCX trap column (6 cm ϫ 150 m, Jupiter C18, 5 m, 300 Å media followed by 8 cm ϫ 150 m, Luna SCX, 5 m, 100 Å media). The trap column was coupled to a nanoflow analytical column (11 cm ϫ 100 m, Jupiter C18, 3 m, 300 Å media). MudPIT analysis was performed with a nine-step salt pulse gradient (100 mM, 200 mM, 500 mM, 750 mM, 1 M, 1.5 M, 2 M, and 3 M ammonium acetate). Peptides were eluted from the analytical column after each salt pulse with a 90-minute reversed-phase solvent gradient (2% to 45% ACN containing 0.1% formic acid) for the first seven salt pulses and a 90-minute reversed-phase solvent gradient (2% to 95% ACN containing 0.1% formic acid) for the last two salt pulses. The eluate was directly infused into an LTQ Velos mass spectrometer. The instruments were operated in a data-dependent mode for all the analyses with the top five most abundant ions in each MS scan selected for fragmentation in the LTQ.
Data Analysis
For identifying the cross-linked peptides, the raw data were manually interpreted or converted to Mascot generic format (MGF) files by an in-house developed algorithm, Scansifter, and cross-linked peptides were identified with the help of the xQuest software (IMSB, Zurich Institute of Molecular Systems Biology). 31 MS data were searched with mass tolerance of 5 ppm (for LTQ-Orbitrap) and for MS/MS data a maximum mass error of 0.5 u was allowed. For database searching, all MS/MS spectra were converted to data files by Scansifter and searched against a concatenated forward and reversed bovine Swissprot database (August 2010). Results were filtered to a 5% peptide false discovery rate with the requirement for a minimum of two peptides per reported protein using IDPicker.
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AQP0 C-Terminal Peptide Affinity Pulldown
A bovine AQP0 peptide 240 to 259 (CSRPSESDGQPEVTGEPVELK) was synthesized by EZBiolab (Carmel, IN). Cysteine was added to the N terminus of the peptide for easy immobilization on cysteine containing beads and residue 246 is changed to its deamidated form of Asp because a majority of AQP0 is found deamidated at residue 246. Homologous sequences of the AQP0 loop region containing residues 110 to 127 (CPAVRGNLALNTLHPAVSV) and the N terminus residues 1 to 9 (MWELRSASFC) were synthesized at the MUSC proteogenomics facility. Half of a milligram of each peptide was solubilized in 200 L 50 mM Tris buffer, 5 mM EDTA, pH 8.0. The solution was added to 500 L of immobilized Tris(2-carboxyethyl)phosphine (TCEP) in a Handee Spin Cup column (Pierce, Rockford, IL) to reduce any disulfide bonds formed and incubated at room temperature for 1 hour. The peptide solution was collected by centrifugation, and the immobilized TCEP beads were washed by 300 L Tris buffer and the wash solution was combined with the peptide solution. 0.2 mg EZ-link idoacetyl-PEG2-biotin (Pierce, Rockford, IL) was added to the peptide solution immediately to label the peptide with biotin. The reaction mixture was incubated at room temperature for 1 hour in the dark. Biotinylation of the peptides was confirmed by MALDI mass spectrometry (Bruker Autoflex III; Bruker Daltonik, Bremen, Germany) and the level of reaction was controlled to reach at least 50%, but Ͻ 90% to avoid excess biotinylation regent in the reaction mixture. The reaction was allowed to process for 1 more hour at room temperature in the dark and then added to 100 L of streptavidin beads (Pierce, Rockford, IL). The beads were incubated at room temperature for 30 minutes and washed 10 times by 25 mM Tris, 5 mM EDTA, 1 mM PMSF, 10 mM NaCl, and 1 mM MgCl 2 . The WIF prepared as described above was extracted by 25 mM Tris, 5 mM EDTA, 1 mM PMSF, 150 mM NaCl, and 1 M KCl. The salt in the extract was removed by filtration through 10-kDa molecular weight cutoff filter (Millpore, Billerica, MA). The WIF extract was solubilized in 25 mM Tris, 5 mM EDTA, 1 mM PMSF, 10 mM NaCl, and 1 mM MgCl 2 and loaded onto AQP0 peptide-conjugated streptavidin beads (200 L). The beads were incubated at 4°C overnight followed by washes (6ϫ) with 25 mM Tris, 5 mM EDTA, 1 mM PMSF, 10 mM NaCl, and 1 mM MgCl 2 and washes (2ϫ) with 25 mM Tris, 5 mM EDTA, 1 mM PMSF, 10 mM NaCl, 1 mM MgCl 2 , and 1% triton. The bound proteins on the beads were eluted by 30 L of SDS sample buffer and subjected to SDS-PAGE and Western blotting for ezrin using mouse anti-ezrin primary antibody (3C12; Sigma, Saint Louis, MO) and goat anti-mouse Dylight 800 (Pierce).
RESULTS
Cross-Linking Reaction and Enrichment of Cross-Linked Peptides
EDC (1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride) is a zero-length cross-linking reagent used to couple carboxyl groups to primary amines. The cross-linking reaction results in a stable amide bond and release of H 2 O. The EDC cross-linked membrane fraction contains a complicated mixture of large protein complexes. Moreover, the cross-linking reaction normally occurs at a substoichiometric level. Identification of cross-linked peptide from this complicated mixture is challenging; therefore, cross-linked peptide enrichment was performed before MS analysis. Cross-linked tryptic peptides have at least four basic groups (two N-terminal amino groups and two C-terminal Lys/Arg residues); therefore, cross-linked peptides bind stronger on strong cation exchange resin than regular tryptic peptides. In this study, we enriched the crosslinked peptides via offline strong cation exchange.
The 60% buffer B eluate from offline strong cation exchange was analyzed with a LTQ Orbitrap mass spectrometer. Crosslinked peptides containing the C terminus of AQP0 were searched by xQuest. In addition, MS/MS analysis of the bovine AQP0 C-terminal peptide 239 to 259 produces intense fragment ion signals (m/z: 585, 771, 872, and 971); therefore, tandem mass spectra containing these fragment ions were also thoroughly searched manually. For cross-linked peptide identification, peptides with ϩ1 or ϩ2 charges were ignored. In addition, tryptic cleavage C-terminal to cross-linked lysine residues was not considered. Only two proteins were found to be cross-linked to the AQP0 C terminus: (1) the previously reported AQP0 interaction partner filensin 21 and (2) the ERM proteins ezrin and radixin. No other proteins were detected to cross-link with the C terminus of AQP0. Only the cross-linked peptides between ezrin and AQP0 are presented in this article.
Identification of Cross-Linked Peptides between ERM Proteins and the C Terminus of AQP0
Five cross-linked peptides between AQP0 and ERM sequences were repeatedly identified in multiple experiments based on highly accurate parent mass measurements and their tandem mass spectra in the cross-linked membrane fraction from lens cortex. These cross-linked peptides were not detected in the cross-linked membrane fraction from the lens nucleus. Table 1 lists these five identified peptides. The measured masses of these peptides are within 5 ppm of the predicted masses. Parent ions of these peptides were detected by 1D LC-MS/MS analysis, and the first three cross-linked peptides were also confirmed by their tandem mass spectra. The tandem mass spectra of the last two cross-linked peptides were weak by 1D LC-MS/MS. Therefore, the sample was analyzed by a more thorough MudPIT analysis to confirm the sequences, and their tandem mass spectra were obtained. Five tandem mass spectra corresponding to five different ERM peptides are shown in Figure 1 and peptide between AQP0 239 to 259 with the short ERM peptide NKK, the tandem mass spectra of other cross-linked peptides have a continuous series of b-or y-ions from ERM peptides and strong y-ions corresponding to cleavage of proline amide bonds.
The ERM proteins are highly similar paralogs (ϳ75% sequence identity). 34 Both ezrin and radixin are present in lens fiber cells. 28, 29 Moesin was not detected by Bagchi et al. 28 in lens fiber cells, but Rao et al. 29 reported the presence of moesin in lens fiber cells. To confirm the presence of three members of ERM proteins, the water insoluble fraction was extracted by 8 M urea and the urea soluble fraction was separated by SDS-PAGE as previously reported. 35 The 80-kDa gel band was digested by trypsin and the tryptic peptides were analyzed by LC-MS/MS. Ezrin-and radixin-specific peptides, but no moesin-specific peptides were detected by MS, suggesting that moesin is not present or at least is in very low abundance in the bovine lens. Except for the peptide KESPLQFK of ezrin, the other four peptides involved in cross-linking with AQP0 are present in both ezrin and radixin. The ezrin peptide KESPLQFK has the sequence of KENPLQFK in radixin. A weak tandem mass spectrum of cross-linked peptide between AQP0 239 to 259 and radixin 72 to 79 (KENPLQFK) was also detected which indicates that AQP0 also interacts with radixin (data not shown). The relative abundance of ezrin and radixin peptides in the 80-kDa gel band digest was analyzed. The selected ion chromatograms of three paired peptides from ezrin and radixin are shown in Figure 3 . Each peptide pair differs by only a few residues; therefore, their ionization efficiency is expected to be similar. These data indicate that ezrin is much more abundant than radixin in lens fiber cells.
The observed cross-linked peptides contain the C terminus of AQP0 and peptides from the ERM FERM domain. Crosslinking between other regions of AQP0 and the ERM proteins was not detected. The ERM FERM domain is a clover-shaped structure consisting of three structural domains (subdomain F1, F2, and F3). 37 Figure 4 shows the crystal structure of the ezrin FERM domain (PDB entry 1NI2) with cross-linked residues labeled. The cross-linked ezrin peptides 2 to 8 (PKPINVR) and 72 to 79 (KESPLQFK) are located in subdomain F1, and peptides 210 to 212 (NKK), 255 to 263 (FVIKPIDKK) and 263 to 273 (KAPDFVFYAPR) are located in subdomain F3. Based on the crystal structure of the FERM domain, lysine residues K3 and K72 in subdomain F1 are in close proximity to each other, as are lysine residues K211, K262, and K263 in subdomain F3; 36 however, subdomains F1 and F3 are not close enough to interact with the same region of AQP0. One possible explanation is that separate ERM molecules interact with the AQP0 tetrameric complex.
The N246 residue of AQP0 in these identified cross-linked peptides is deamidated as is commonly seen in lens fiber cells. 37 The deamidated residue D246 was the cross-linked residue in several cross-linked peptides identified which indicates that deamidation occurs before cross-linking. Note that deamidation is not required for interaction as several Glu residues were also observed to form cross-links.
Coimmunoprecipitation
To confirm the interaction between ezrin and AQP0, coimmunoprecipitation was conducted. An ezrin antibody was added to a detergent extract of the lens WIF. Proteins that bind with the ezrin antibody were separated by SDS-PAGE. The proteins in the gel were either stained by Coomassie blue or transferred to nitrocellulose membrane for Western blotting of ezrin and AQP0. The results are shown in Figure 5 . Weak bands at 80-and 28 kDa can be seen by Coomassie blue staining (Fig. 5A) . Note that the strong band above 80 kDa in lane 3 is likely caused by the ezrin primary antibody. The presence of ezrin and AQP0 was confirmed by Western blotting (Fig. 5B) , which indicates that the ezrin antibody precipitated both ezrin and AQP0. Ezrin was not detected in the control sample by Western blotting, but there is a very weak AQP0 signal in the control sample by Western blotting indicating a small amount of nonspecific binding of AQP0 by the protein G beads. The signal for AQP0 in the immunoprecipitated sample was much stronger than the signal in the control sample; therefore, the majority of AQP0 in the ezrin immunoprecipitated sample was related to the interaction with ezrin. The AQP0 signal in the Western blotting can be completely blocked by the AQP0 peptide that was used to produce the rabbit AQP0 antibody (data not shown).
The presence of both ezrin and AQP0 in the immunoprecipitation eluate was further confirmed by mass spectrometry. The sequence coverage of ezrin and AQP0 in ezrin IP sample was 54% and 22%, respectively. Similarly, a weak signal of AQP0 was detected in the 28-kDa band of the control sample and a weak signal of ezrin was also detected in the 80-kDa band of the control sample by MS; however, their signal was dramatically lower than in the ezrin IP sample. Figure 5C shows the selected ion chromatogram of the AQP0 peptide 239 to 259 from the analysis of the ezrin IP sample. The peak area for this AQP0 peptide in the ezrin IP sample is 40 times more than the peak area seen in the control sample.
To investigate whether components of the EPPD complex are present in the ezrin IP sample, eluates from mouse IgG conjugated beads and ezrin antibody conjugated beads were run into a short stack gel and the entire stained area was cut, digested by trypsin, and analyzed by LC-MS/MS. Buffers of varying stringency were used during the IP including RIPA buffer (0.1% SDS, 0.5% deoxycholate, 1% Nonidet P-40, 150 mM NaCl, 50 mM Tris, 1mM PMSF, pH 7.5) and Tris/Triton(1%) buffer (25 mM Tris, 1 mM PMSF, 10 mM NaF, 150 mM NaCl) with or without 0.1% SDS. AQP0 and EPPD proteins periaxin and desmoyokin were detected in ezrin conjugated beads, but not in the control sample for immunoprecipitation performed in the Tris/Triton buffer with or without 0.1% SDS. Periaxin and desmoyokin were not detected in immunoprecipitations performed in the most stringent RIPA buffer; however, both ezrin and AQP0 were detected. Neither ezrin nor AQP0 were detected using the control mouse IgG conjugated beads. Periplakin was not detected under any condition.
AQP0 C-Terminal Peptide Pulldown
To confirm the interaction between the AQP0 C terminus with ERM protein, 1 M KCl extracted bovine lens WIF was incubated with streptavidin beads conjugated with the AQP0 C-ter- minal peptide(240 -259). Control experiments were designed with beads alone or with beads conjugated to either an AQP0 loop peptide (residues 110 -127) or to the AQP0 N terminus (residues 1-9). Proteins that bound to each bead type were eluted and resolved by SDS-PAGE and transferred to nitrocellulose membrane for Western blot analysis with an ezrin antibody. The results are shown in Figure 6 , which shows a specific interaction between the AQP0 C-terminal peptide and ezrin. Weak nonspecific binding of ezrin with control beads was detected, but significantly more ezrin was bound to beads conjugated with the AQP0 C-terminal peptide.
DISCUSSION
ERM proteins, as plasma membrane-cytoskeleton linkers, can directly or indirectly bind with membrane proteins. Several direct membrane binding partners have been identified including CD44, CD43, PSGL-1, ICAM-1-3, and VCAM-1. 38 -41 The crystal structure of the radixin FERM domain bound to the cytoplasmic tail of ICAM2, CD43, or PSGL1 identified a consensus sequence, Arg/Lys/Gln-X-X-Thr-Tyr/Leu-X-X-Ala/Gly (motif-1), that binds in a groove formed by an ␣-helix and ␤-strands of subdomain F3. 42 As the first identified ERM direct binding partner, CD44 lacks this sequence homology; however, it binds in the same groove in subdomain F3. 43 In epithelial cells, ERM proteins indirectly interact with membrane proteins through ezrin binding phosphoprotein 50 (EBP50), a protein widely distributed in tissues, especially in those containing polarized epithelia. 44, 45 The crystal structure of the moesin FERM domain bound to the EBP50 C-terminal peptide indicated a different binding site on subdomain F3. 42 These results show the existence of versatile ERM binding partners. In the present study, three independent experimental strategies were used to discover and confirm a direct interaction between ezrin and the C terminus of AQP0. The AQP0 C terminus does not have a consensus sequence similar to the aforementioned adhesion molecules or to EBP50; however, the cross-linking data indicate the exact sites of binding on both AQP0 and ezrin ( Table 1) . The cross-linking data indicate that the binding site on subdomain F3 is in the region where EBP50 is bound. Different from the other ERM binding partners reported previously, AQP0 is found to interact with both ezrin subdomains F1 and F3, which are separated three-dimensionally. The crystal structure of the radixin FERM domain with P-selectin glycoprotein ligand-1peptide (2EMT of PDB entry) also indicates the potential interaction of subdomain F1 with F3 binding partners. 46 Additional studies are needed to understand this interaction; however, there are several possible explanations: (1) because the ERM proteins are present in two forms-the active form and the dormant form 22 -different ERM subdomain interactions with AQP0 could arise from different forms of ERM proteins; (2) the ERM proteins exist mainly in the form of dimers or higher order oligomers, 47 and in the latter, the interacting subdomains F1 and F3 could be from different monomers that, when polymerized, bring subdomain F1 of one molecule close to subdomain F3 of another molecule; and (3) more than one ERM protein interacts with a single AQP0 tetramer.
The cross-linker EDC used in this study is a zero-length cross-linker, and it cross-links two reactive residues in very close proximity allowing for the detection of specific proteinprotein interactions with great confidence. The AQP0 C terminus was found specifically cross-linked with relative low abundance ERM proteins and only one other, previously identified protein in the water insoluble fraction. In addition, the crosslinked residues in ERM proteins are not randomly distributed throughout the protein but are located close to one another in either the F1 or F3 subdomain. These results indicate the specificity of the cross-linking reaction. We note that the AQP0 C terminus has been reported to interact with other proteins, such as calmodulin 48 and filensin. 21 The region of AQP0 that interacts with calmodulin is in the juxtamembrane region, 18 which is different from the more distal C-terminal region reported here for interaction with ERM proteins. Based on previous results, this distal C-terminal region of AQP0 may also be the interaction site for filensin interaction 21 ; however, interaction with filensin and ezrin could occur in the different regions of the lens corresponding to different stages of fiber cell differentiation.
AQP0 belongs to the superfamily of aquaporins and contributes to more than 50% of the total membrane protein in the lens fiber cell. 3 In addition to its function as a water channel, AQP0 has been reported to be involved in cell-cell adhesion. 10 -15 Previously, Straub et al. 1 reported a novel cell-cell junction system containing EPPD complex, which is located on both the short and long sides of hexagonal lens fiber cells. 49 It is unclear how the EPPD complex is linked to the plasma membrane, because the transmembrane protein in this complex has not been determined. The known ezrin-binding protein CD44 was not found in the EPPD complex. 1 The direct interaction identified in this article suggests that AQP0 may be a candidate ezrin-binding parter in this complex. Coimmunoprecipitation results suggest that periaxin and desmoyokin coprecipitated with ezrin and AQP0; however, periplakin was not detected in our experiment by MS-based protein identification. Additional experiments are needed to confirm whether AQP0 play a role in linking EPPD complex to the cell membrane.
The ERM family is involved in many important cellular processes, including cell-cell adhesion, the maintenance of cell shape, cell motility, and membrane trafficking. 25 ERM proteins have been proposed to be important in lens differentiation and functions, 28 and the direct study of the function of ERM protein in the process of lens differentiation is absent; however, the ERM C-terminal binding partner actin has been identified as one of the major cytoskeletal proteins in the lens 50, 51 and is believed to play an important role during fiber cell differentiation and elongation. For example, lens fiber cell elongation is accompanied by increased actin stress fiber formation, 52, 53 and the disruption of the actin cytoskeleton impairs lens fiber cell elongation. 54, 55 Functional knockout of RhoGTPase, a small GTP-binding protein targeting to the actin cytoskeleton, impaired cytoskeletal organization and membrane integrity. 56 Overexpression of Rho GDP dissociation inhibitor disrupted fiber cell migration, elongation, organization, and affected lens cell proliferation, differentiation, and survival, including significantly reducing AQP0 expression. 57 Knockout of actin-binding protein tropomodulin 1 also disrupted membrane skeleton organization and hexagonal geom- etry of fiber cells. 58 These results show the essential role of the actin cytoskeleton in the lens fiber cells. The interaction of AQP0 with ERM proteins suggests important roles of AQP0 during lens fiber cell elongation and differentiation. Moreover, because the AQP0 C terminus is extensively modified with age 15, 16 and ezrin is also degraded in the nucleus, 59 ,60 this interaction is expected to occur in differentiating fiber cells but not in older fiber cells. How posttranslational modifications of AQP0 alter the AQP0 and ERM interaction specifically requires additional investigation.
